INTRODUCTION
Chronic granulomatous disease (CGD) is a genetically determined disorder characterized by chronic and recurrent pyogenic infections (1, 2) . The peripheral blood leukocytes from these patients (CGD leukocytes) ingest microorganisms normally but fail to kill the organisms that are responsible for the infections observed in CGD (3) (4) (5) . In addition, CGD leukocytes have several abnormalities of metabolism during phagocytosis (6, 7). These include a lack of the normal cyanide-insensitive "respiratory burst," and failure to exhibit an increment Dr. Robert L. Baehner is an Established Investigator of the American Heart Association.
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Received for publication 26 (9) have demonstrated that the respiratory burst during phagocytosis in guinea pig polymorphonuclear leukocytes (PMN) results from the action of a cyanide-insensitive NADH oxidase, which produces hydrogen peroxide. We have previously demonstrated that this oxidase activity is deficient in PMN from patients with CGD (10) , although another laboratory has not found a deficiency (6) . This fact and other data comparing the amount of NADH oxidase activity present with the magnitude of the respiratory burst (11) are in accord with the hypothesis that NADH oxidase is indeed responsible for the normal perturbation of respiration that occurs in leukocytes during phagocytosis. The product of the enzyme, i.e. hydrogen peroxide, has been implicated recently in both bactericidal activity of PMN (12) and in the stimulation of the hexose monophosphate shunt (13) . Consequently, lack of NADH oxidase in CGD cells would result in a deficiency in the production of peroxide, which would secondarily lead to impaired ability to kill bacteria and a failure of the usual stimulation of the hexose monophosphate shunt during phagocytosis. We reasoned that replacement of the intracellular peroxide-generating capacity should restore the two functions mentioned, i.e., increased oxidation of formate and increased HMPS activity during phagocytosis. This has been accomplished by making the ingested particles themselves peroxide-generating by coating them with glucose oxidase.
METHODS
Preparation of human leukocytes and latex spherules. Peripheral blood was collected and leukocytes isolated by a previously described method (14) from two patients with
The Journal of Clinical Investigation Volume 49 1970 CGD and from control patients with acute infections. Latex spherules 1 were dialyzed for 72 hr against distilled water at 4°C. The dialysate was changed every 12 hr and the spherules were resuspended to their original volume with distilled water.
Binding of glucose oxidase to latex spherules. Glucose oxidase,2 type V, 880 U/ml, was diluted 1:10 with distilled water. 1 ml of latex spherules 0.81 IA was added to 2 ml of glucose oxidase solution and incubated at 25'C for 15 min. The spherules were isolated by centrifugation and resuspended to the original volume with distilled water. In certain experiments, the spherules were washed either in distilled water or in 0.85% NaCl solution; and the glucose oxidase activity, still adherent to the spherules, was determined by direct enzyme assay using a modification of the glucostat' method for determination of glucose. Chance (15) (8) except that glucose was omitted from the incubation mixture and 1 mm NADH was added. These modifications were made because it was found that extracellular NBT was reduced by glucose oxidase in the presence of glucose. The NADH was added to assure adequate intracellular concentrations in the absence of extracellular glucose. The rates of formate-"C and glucose-1-''C oxidation by normal and CGD leukocytes at rest and during phagocytosis of plain latex and latex coated with glucose oxidase. Control and CGD leukocytes were suspended in a 0.15 M Krebs-Ringer phosphate buffer, pH 7.4, at a final concentration of 5 X 10' cells in 1 ml. Formate-"C and nonradioactive formate were added to achieve a final concentration of 1.5 mm and 1 ACi. In other experiments, glucose-1-"4C and nonradioactive glucose were added to contain a final concentration of 5 mm and 1 /ACi. All incubations were performed in 25-ml flasks with disposable rubber stoppers through which additions may be made and plastic wells which may be filled with 0.1 ml of 20% NaOH to collect C02. Fig. 1 , similar results were obtained by using formate-4C oxidation as the indicator for peroxide generation. The addition of latex spherules alone to a homogenate of control PMN failed to stimulate oxidation of formate but the use of latex spherules coated with glucose oxidase produced a marked response equal to the response obtained when 8-10 U of glucose oxidase, not bound to latex, was added to the system. The glucose oxidase remained bound to the spherules after repeated washing in distilled water, but was partially removed by washing in 0.85% NaCl as noted by the progressive decrease in formate oxidation after one and two washes.
The uptake of plain latex and latex coated with glucose oxidase by normal leukocytes. There was a 50% decrease in the uptake of latex spherules coated with glucose oxidase compared to plain latex spherules. As noted in Fig. 2 , these differences were already evident 1 min after addition of latex. Maximum uptake of both varieties of spherules occurred 15 min after addition of latex.
Effect of the ingestion of glucose oxidase on NBT reduction in the CGD leukocyte. Glucose oxidase reduced NBT in the presence of glucose in a cell-free system. Glucose oxidase, when added to cell-free media obtained by centrifuging leukocytes after they had phagocytized latex spherules (without addition of exogenous glucose), did not reduce the dye. This indicates that very little glucose leaks out of the cells during phagocytosis.
An increment in dye reduction occurred in control leukocytes suspended in glucose-free media during phagocytosis of both types of latex spherules (8) . A very low degree of NBT reduction was detected in the CGD leukocytes at rest, and no increment in NBT reduction oc- To indicate the extent of HMPS activity in leukocytes, the rate of production of '4CO2 from glucose -1-`C was determined. As noted in Table I , control leukocytes at rest oxidized 5 nmoles of glucose-1-"4C mg-' hr-' to 4CO2. They displayed a five-to sixfold increase in HMPS activity during phagocytosis of latex spherules and a three-to fourfold increase during phagocytosis of latex coated with glucose oxidase. CGD leukocytes at rest have a significantly lower HMPS activity than normal leukocytes at rest, and the CGD leukocytes lack the normal stimulation of HMPS activity during phagocytosis of latex spherules (6, 7). However, HMPS activity increased eightfold in the CGD leukocytes during phagocytosis of latex coated with glucose oxidase. Under the latter conditions, the increment in HMPS activity between the resting state and phagocytosis was similar for normal and CGD leukocytes. DISCUSSION The CGD leukocyte has a disorder of oxidative metabolism during phagocytosis. It lacks the normal respiratory burst; hydrogen peroxide production is faulty; the HMPS is not stimulated in the usual way; and NBT reduction is absent. Karnovsky and Sbarra (20, 21) have studied the respiratory response to phagocytosis in guinea pig leukocytes at rest and during phagocytosis. They observed a burst of cyanide-insensitive extra respiration and acceleration of hexose monophosphate shunt activity shortly after these leukocytes had ingested particles. Quastel and his coworkers (19) showed that hydrogen peroxide was produced during this respiratory burst. Cagan and Karnovsky (9) proposed that a soluble cyanide-insensitve NADH oxidase qualified as the prime respiratory enzyme in the phagocytizing guinea pig leukocyte. The enzyme catalyzed the reaction between NADH and oxygen to yield hydrogen peroxide. Recent studies on human peripheral blood granulocytes (11) indicate that NADH oxidase could qualify also as the prime respiratory enzyme of leukocytes in man. Deficient activity of this enzyme has been repeatedly found in soluble homogenates of CGD leukocytes (8, 10) , although some workers have denied this (6) . This deficiency might explain the lack of stimulation of oxygen consumption and hydrogen peroxide production in these cells when they phagocytize.
Glucose oxidase activity was inserted into the CGD leukocyte as a peroxide generator in order to define the influence of hydrogen peroxide production on formate oxidation and the HMPS. Granulocytes contain a great deal of glycogen (20) which presumably provides an adequate intracellular glucose concentration, sufficient substrate for glucose oxidase activity when exogenous glucose is not provided. The latter condition was, of course, necessary to restrict the phenomena under observation to the intracellular milieu.
The binding of glucose oxidase to latex spherules provides a convenient method for introducing this activity into phagocytic cells. The binding is most likely due to a negative electrostatic charge on the surface of latex spherules (22) . The partial release of the bound enzyme from the latex by salt solution would be in accordance with this. On the other hand, coating of latex spherules with glucose oxidase reduces ingestion probably because the net charge on the spherules is reduced or because of the reduction of lipophilicity of the spherules (23) . The diminution of ingestion would be expected to dampen metabolic responses during phagocytosis because the metabolic responses are functions of particle ingestion (20) . The metabolic responses of normal and CGD leukocytes were, therefore, compared at rest during phagocytosis of plain latex spherules and during phagocytosis of latex spherules coated with glucose oxidase.
NBT reduction in CGD cells after ingestion of latexbound glucose oxidase provided strong evidence that the enzyme was indeed inserted into the CGD leukocyte during phagocytosis. Admittedly, this artificial H202 generating system operates at a lower rate than the natural system present in control leukocytes under the same conditions in vitro but some hydrogen peroxide was clearly produced intracellularly as demonstrated by formate oxidation and it is clear that the deficiency of H202 production in CGD cells was reversed to a large degree by the stratagem described.
The importance of hydrogen peroxide generation for adequate leukocyte bactericidal activity was pointed out by Klebanoff and White (24) . They noted that CGD leukocytes could kill only those few bacterial species such as Lactobacillus acidophilus which effectively produce H202. Kaplan, Laxdal, and Quie (25) previously showed that CGD leukocytes can kill Streptococci, another species which effectively produces its own hydrogen peroxide. Lehrer (26) has demonstrated improved Candidacidal activity in vitro in CGD leukocytes by treating these cells with the hydrogen peroxide-producing drug, phenazine methosulfate. Johnston and Baehner (27) have noted improved killing of Staphylococcus aureus and Serratia marcescens using the techniques reported in this paper. It has been amply demonstrated that the hexose monophosphate shunt of the CGD cell can respond actively to the presence of certain mediators of oxidation (6, 7) but does not respond to phagocytosis itself. This indicates that the enzymes of the shunt itself are present at adequate levels. Recent studies of rat leukocytes (13) indicate that hydrogen peroxide does indeed stimulate HMPS activity, and effects of inhibitors also suggest that endogenously generated hydrogen peroxide may stimulate the direct oxidation of glucose in phagocytizing guinea pig leukocytes as well. 6 The defect in the hexose monophosphate shunt (HMPS) in the CGD leukocyte was corrected by insertion of the hydrogen peroxide-generating system. This observation suggests that the lack of HMPS stimulation in CGD leukocytes during phagocytosis is due to deficient hydrogen peroxide production, secondary to peroxide-producing oxidase deficiency.
The usual failure of NBT reduction within phagocytic vacuoles of CGD leukocytes (28) as compared with normal cells can be explained by lack of the diaphorase activity of NADH oxidase (9) in the 6 Noseworthy, J., and M. L. Karnovsky. Personal communication.
region of the CGD cell phagocytic vacuole. The fact that NBT reduction in the region of the phagocytic vacuole was restored to CGD cells when they ingested latex coated with glucose oxidase is of interest in this context. It provides evidence that inhibitors of NBT reduction itself are not the cause of the lesion in this function in this disease. We used NBT reduction in a context different from its previous use, i.e., to provide in our present experiments direct evidence that the glucose oxidase was indeed being transported into the phagocytic vacuole on the latex spherules.
Our experiments and those of Johnston and Baehner (27) suggest that the critical deficiency in CGD cells is the lack of ability to generate H202. In turn, this lack appears to stem from deficient NADH oxidase activity (10) .
